Introduction
In adult mammals, the cerebral ventricles are normally lined by a layer of ependymal cells (Del Bigio, 1995) . Most of these cells are cuboidal and multiciliated (Bleier, 1971; Millhouse, 1971) . These cells are at the interface between the brain parenchyma and the ventricular cavities and play an essential role in the propulsion of CSF through the ventricular system (Worthington and Cathcart, 1963; Cathcart and Worthington, 1964) . The coordinated beating of cilia in ependymal cells creates a current of CSF along the walls of the lateral ventricle; ependymal malfunction leads to disturbances of CSF flow and hydrocephaly (Brody et al., 2000; Taulman et al., 2001; Kobayashi et al., 2002) . It has also been suggested that ependymal cells filter brain molecules (Bruni, 1998) , insulate the brain from potentially harmful substances in the CSF (Kuchler et al., 1994) , move cellular debris in the direction of bulk CSF flow, and optimize the dispersion of neural messengers in the CSF (Roth et al., 1985) .
It has been proposed that multiciliated ependymal cells lining the lateral wall of the lateral ventricle in adult mice could act as slowly proliferating neural stem cells (Johansson et al., 1999) . However, several groups have not been able to produce multipotent stem cells from purified ependymal cells (Chiasson et al., 1999; Laywell et al., 2000; Capela and Temple, 2002; , and the extent to which ependymal cells divide and self-renew in vivo is a matter of debate. Smart (1961) injected 3-d-old mice with [ 3 H]thymidine and found no labeled ependymal cells in the lateral ventricle 32 d later. Imamoto et al. (1978) administered three [ 3 H]thymidine injections at 7 hr intervals to young rats and also found no labeled ependymal cells in the lateral ventricle. After two [
3 H]thymidine injection in adult rats, none of the ependymal cells were labeled in either the third ventricle (Altman, 1963) or the central canal of the spinal cord (Kerns and Hinsman, 1973) . In contrast to these findings, other reports suggest that ependymal cells continue to divide in the adult. It has been suggested that as many as 22% of the ependymal cells in 4-week-old mouse forebrain become labeled after multiple [
3 H]thymidine injections over a 30 d period (Kraus-Ruppert et al., 1975) . Another study suggested that 2.6% of ependymal cells in the anterior lateral ventricle of a 1-d-old rat are labeled by one injection of [ 3 H]thymidine after survival of 1 hr (Chauhan and Lewis, 1979) . A few labeled cells were also observed in the walls of the lateral ventricle after [ 3 H]thymidine injection in both 15-d-old and 5-to 7-week-old mice, and these cells were suggested to correspond to dividing ependymal cells (Korr, 1978) . When bromodeoxyuridine (BrdU) was continuously supplied in the drinking water over a 2-6 week period, cells lining the lateral wall of the lateral ventricle were found labeled. It was suggested that these cells correspond to ependymal cells (Johansson et al., 1999) , but because these labeled cells were not identified using high-resolution techniques, the proliferative capacity of ependymal cells in the adult remains uncertain.
Using light microscopy, we were not able to find evidence of ependymal cells that incorporated BrdU in adult brain. However, this could be because of a low incidence of proliferation in this cell population. We therefore used light and electron microscopy (EM) to identify cells labeled close to the walls of the lateral ventricle after 6 weeks of infusion with [ 3 H]thymidine. We found no evidence that ependymal cells incorporate [
3 H]thymidine in the adult brain. Instead, we found that the majority of ependymal cells are generated between embryonic day 14 (E14) and E16. Interestingly, ependymal cell differentiation and the formation of ependymal cilia occur later, during the first postnatal week. During this period of ependymal differentiation, we found that a subpopulation of radial glia had prominent deuterosomes in their apical cytoplasm. Because deuterosomes have been associated with the early development of cilia, this suggested that these radial glia serve as progenitors of the new ependymal cells. We confirmed this hypothesis by genetically tagging a subpopulation of radial glia in neonatal mice and showing that some of these cells generated ependymal cells. These results indicate the time of birth and cellular origin of ependymal cells and strongly suggest that these cells do not divide and therefore cannot function as neural stem cells in the adult animal.
Materials and Methods

[
3 H]thymidine infusions. All animal care was in accordance with the guidelines of the National Institutes of Health and the University of California.
[ 3 H]thymidine (specific activity, 6.7 Ci/mM; PerkinElmer Life Sciences, Emeryville, CA) was infused continuously under the skin of adult CD-1 male mice (2-3 months of age) with a mini-osmotic pump (flow rate 0.5 l/hr; 7 d duration; Alzet model 1007D; Alzet, Cupertino, CA). The pump was replaced every 5 d. After 6 weeks of continuous infusion, the pump was removed, and mice were killed 2 weeks later. In this study, each brain was cut in 200-m-thick serial coronal vibratome sections, and five vibratome sections from each brain were processed for autoradiography and EM analysis as described previously (Doetsch et al., 1997) . Briefly, 1.5-m-thick semithin sections were cut with a diamond knife and mounted onto slides, dipped in autoradiographic emulsion, exposed for 4 weeks at 4°C, developed in Kodak (Rochester, NY) D-19, and counterstained with 1% toluidine blue.
Cell counts. For each 200-m-thick vibratome section, nine 1.5-mthick semithin sections that were spaced apart by 7.5 m each were analyzed. A cell was considered labeled if five or more silver grains overlaid the nucleus and the same cell was labeled in three or more consecutive sections. Ependymal cells were identified at the light microscope by their large spherical nuclei, multiciliated somata, and light cytoplasm. Astrocytes were distinguished from ependymal cells by their light nuclei with deep invaginations. Fifteen [ 3 H]thymidine-labeled cells observed in the semithin sections were selected for additional identification at the electron microscope.
BrdU administrations. BrdU (Sigma, St. Louis, MO) at 50 g/gm body weight (10 mg/ml stock, dissolved in 0.9% saline) was injected once at various stages from the 10th day of pregnancy to postnatal day 4 (P4). BrdU was injected intraperitoneally into the mother or subcutaneously into the young mouse postnatally.
BrdU immunocytochemistry. BrdU-treated mice were transcardially perfused with 0.9% saline as adults (2-3 months), and their brains were removed. The lateral walls of the lateral ventricles were dissected as described previously (Doetsch and Alvarez-Buylla, 1996) . The resulting whole mounts were fixed overnight in 4% paraformaldehyde (PFA) and washed overnight at 4°C in PBS containing 30% sucrose. Coronal sections (10 m thick) were cut on a cryostat, and every 10th section was mounted on glass slides. An average of 20 sections per animal were incubated in 60% formamide-2ϫ SSC buffer at 54°C for 20 min, rinsed in 2ϫ SSC for 5 min, incubated in 2N HCl at 37°C for 30 min, and rinsed in 0.1 M boric acid, pH 8.5. Sections were rinsed three times for 10 min each in Tris buffered saline (TBS), pH 7.4, and preblocked for immunocytochemistry (ICC) for 30 min in TBS with 0.1% Triton X-100 and 10% normal horse serum. Sections were incubated for 48 hr at 4°C with rat anti-BrdU monoclonal antibody (mAb) (1:200; Accurate Chemicals, Westbury, NY). BrdU staining was revealed by rhodamine-conjugated anti-rat IgG (1:200; Jackson ImmunoResearch, West Grove, PA) for 2 hr at room temperature and rinsed three times in TBS. Sections were postfixed for 15 min in 3% PFA and incubated for 48 hr at 4°C with rabbit S100␤ polyclonal antibody (1:500; DakoCytomation, Carpinteria, CA), which is a marker of ependymal cells (de Vitry et al., 1981; Didier et al., 1986; Chiasson et al., 1999; Lim et al., 2000) . S100␤ staining was revealed by cyanine 2-conjugated anti-rabbit mAb (1:200; Jackson ImmunoResearch) for 2 hr at room temperature. For each animal analyzed, the total number of BrdU and S100␤ double-labeled cells in the ventricular zone (VZ) of the lateral ventricle was counted on 20 coronal sections, and the position of labeled cells was mapped on 10 coronal sections along the rostrocaudal axis using a camera lucida. S100␤ and GLAST immunocytochemistry. The lateral walls of the lateral ventricles of P2 and P6 mice were dissected as above. The resulting whole mounts were fixed overnight in 4% PFA and washed overnight at 4°C in PBS containing 30% sucrose. Histological coronal sections were cut at 10 m on a cryostat and preblocked for ICC for 30 min in TBS with 0.1% Triton X-100 and 10% normal horse serum. Sections were incubated overnight at 4°C with rabbit anti-S100␤ polyclonal antibody and guinea pig anti-GLAST antibody (1:1000; Chemicon, Temecula, CA). S100␤ and GLAST staining were revealed by Alexa594-and Alexa488-conjugated anti-rabbit and anti-guinea pig mAb (1:200; Jackson ImmunoResearch), respectively, for 2 hr at room temperature.
Scanning electron microscopy. The lateral walls of the lateral ventricles of E18 embryos and newborn (P0), P2, and P4 mice (three animals per age group) were dissected as above. The resulting whole mounts were fixed in 2.5% glutaraldehyde and 2% PFA overnight, washed twice in 0.1 M phosphate buffer (PB), and incubated for 2 hr in 2% osmium tetroxide (Electron Microscopy Sciences, Fort Washington, PA) in 0.1 M PB. Tissues were dehydrated through an ethanol series, washed twice in 100% ethanol, dried with liquid CO 2 , mounted, sputter-coated, and viewed using a JEOL (Akishima, Japan) scanning electron microscope.
Anti-acetylated ␣-tubulin or S100␤ immunocytochemistry and mapping of multiciliated ependymal cells. The lateral walls of the lateral ventricles of newborn (P0; n ϭ 5), P2 (n ϭ 6), and P4 (n ϭ 5) mice were dissected using the protocol of Doetsch and Alvarez-Buylla (1996) . Whole mounts were blocked for 1 hr in 1% bovine serum albumin (BSA) in PBS, incubated for 24 hr at 4°C with 1:10 dilution of anti-acetylated ␣-tubulin Ependymal lineage tracing. Radial glia were labeled in P0 animals by injection of an adenovirus expressing Cre-recombinase into the ventrolateral striatum of 10 R26R (Soriano, 1999) or Z/EG (Novak et al., 2000) Cre reporter mice. In these animals, Cre-mediated recombination results in the expression of LacZ [visualized with ␤-galactosidase (␤-gal) reaction using 5-bromo-4-chloro-3-indolyl-␤-Dgalactopyranoside (X-gal)] or enhanced green florescent protein (eGFP) reporter genes, respectively. Because radial glia are the only cells in the P0 VZ that have processes that extend though the injection site, this method selectively labels this population of cells (Tramontin et al., 2003; Merkle et al., 2004) . GFP-expressing mice were used for light microscopic examination of labeled cells and double immunocytochemistry with S100␤ or CD24. R26R mice were used for ultrastructural analysis, because ␤-gal precipitate can be readily identified at the EM (Doetsch et al., 1997) . Animals were killed 2 d after injection to verify that only radial glia were labeled in the VZ (n ϭ 5 for R26R; n ϭ 6 for Z/EG) and 30 d after injection to examine the progeny of these labeled radial glia (n ϭ 5 for R26R; n ϭ 6 for Z/EG). All animals were killed by transcardial perfusion, and the brains of R26R animals were prepared for ␤-gal staining and electron microscopy as described previously (Herrera et al., 1999) . The brains of Z/EG mice were postfixed for 16 hr in 4% PFA and vibratome sectioned at 50 m. Sections were preblocked for ICC in 2% BSA plus 8% normal donkey serum in TBS for 1 hr at room temperature. To enhance the eGFP signal, sections were immunostained with rabbit anti-GFP polyclonal (1:1000; Novus Biologicals, Littleton, CO) or sheep anti-GFP polyclonal antibody (1:100; Biogenesis, Kingston, NH) diluted in blocking solution. To confirm the identity of the labeled cells, the sections were counterstained for the ependymal cell-specific markers S100␤ (1:1000; DakoCytomation) or CD24 (1:500; BD PharMingen, San Diego, CA) in blocking solution, respectively. Sections were incubated in primary antibodies for 48 hr at 4°C and washed five times for 15 min each in TBS. GFP staining was visualized with Alexa488-conjugated anti-rabbit IgG or anti-sheep IgG (1:400; Molecular Probes, Eugene, OR) and S100␤ and CD24 were visualized with Alexa594-conjugated anti-rat IgG or anti-rabbit IgG (1: 400; Molecular Probes), respectively, diluted in blocking solution. Sections were stained for 12 hr at 4°C and washed three times for 20 min each in TBS at room temperature before counterstaining for 4Ј,6Ј-diamidino-2-phenylindole and mounting. Ependymal cells were identified by their multiciliated cuboid morphology, contact with the ventricle, and double labeling with ependymal markers.
Results
Ependymal cells do not divide in the normal adult brain
To test whether ependymal cells divide in vivo in adult mice, BrdU (1 mg/ml) was given to mice in their drinking water for 2 weeks, and mice were killed 1 week after treatment. Their brains were processed for cryostat sections and double labeled with anti-S100␤ and anti-BrdU antibodies to identify labeled ependymal cells. No double-labeled cells were observed, which is consistent with other studies using BrdU labeling (data not shown) (Doetsch et al., 1999; Gregg and Weiss, 2003) . However, it is possible that ependymal cells divide rarely, escaping detection with the above procedure. We therefore infused [ 3 H]thymidine into adult mice for 6 weeks using mini-osmotic pumps (n ϭ 6). After two additional weeks without [ 3 H]thymidine, mice were killed, and their brains were processed for semithin sections. This technique would label cells that may be dividing infrequently and allows high-resolution, thin-section analysis at the light and electron microscope. Serial 1.5 m plastic sections were studied at five different levels along the rostrocaudal axis of the lateral ventricular wall. Numerous [ 3 H]thymidine-labeled cells were present close to the lateral wall of the lateral ventricle. Most of these [ 3 H]thymidine-labeled cells were clearly located in the subventricular zone (SVZ) and identified as astrocytes (type-B cells) or type-C cells (Doetsch et al., 1997) . The 1.5 m sections were serially scanned focusing on the ependymal layer for evidence of labeled cells. We scanned 10,032 ependymal cells (large spherical nuclei, multiciliated somata, and light cytoplasm). None of these cells was labeled with [ 3 H]thymidine. A total of 323 labeled nuclei were found close to the ventricle (Table 1) , of which 15 appeared to be within the ependymal layer. We resectioned each of these cells at 70 nm and analyzed them by transmission EM (Fig.  1 A, B ; Table 1 ). None of them corresponded to multiciliated ependymal cells. Instead, these cells had characteristics of type-B cells as described previously (Doetsch et al., 1997) . Some of these cells contacted the ventricle, but others, while within the ependyma, were separated from the ventricle by thin ependymal processes. These results indicate that multiciliated ependymal cells lining the lateral wall of the lateral ventricles do not divide in normal adult mouse brain, suggesting that these cells are produced exclusively during development.
Birth-dating ependymal cells in the lateral ventricular wall
To determine the birth date of ependymal cells, mice were exposed to BrdU at E10, E12, E14, E16, E18, or P0, P2, and P4 and killed at P90. Brains were collected, sectioned, and double labeled for BrdU and for S100␤, a protein expressed by ependymal cells (see Fig. 6 A) . Analysis was performed on the lateral wall of the lateral ventricle.
In animals injected at E10 (n ϭ 3), no double-labeled (BrdU ϩ , S100␤ ϩ ) cells were found in the lateral wall of the lateral ventricles. In animals injected on E12 (n ϭ 3), an average of 38 Ϯ 12 labeled BrdU ϩ ependymal cells were counted on 20 sections per animal. The number of double-labeled ependymal cells peaked at E14 (n ϭ 3) and E16 (n ϭ 3) to an average of 309 Ϯ 7 and 222 Ϯ 19, respectively (Fig. 2) . By E18 (n ϭ 4), the number of BrdU ϩ ependymal cells had decreased to an average of 81 Ϯ 35 labeled cells on 20 sections. In animals injected at P0 (n ϭ 4) and P2 (n ϭ 3), the number of labeled ependymal cells decreased further to an average of 21 Ϯ 13 and 17 Ϯ 2 cells per 20 sections, respectively. In the animals injected at P4 (n ϭ 3), almost no ependymal cells were BrdU labeled. These results indicate that ependymal cells are primarily born in the embryo and that most of these cells are produced between E14 and E16.
To characterize how ependymal cells arise along the rostrocaudal axis, we mapped the position of double-labeled (BrdU ϩ , S100␤ ϩ ) cells using camera lucida drawings in coronal sections through the lateral ventricular wall of adult mice, each exposed to BrdU on E12, E14, and E18 (Fig. 3) . In animals injected at E12, double-labeled cells were exclusively located in caudal regions of the brain. At E14, BrdU ϩ S100␤ ϩ cells were found along the entire rostrocaudal axis, and in the animals injected at E18, doublelabeled cells were mainly localized in the rostral section of the ventricular wall. These results suggest that ependymal cells are first born in caudal regions of the brain and progressively arise in more rostral regions.
Maturation of ependymal cells
To determine the time course of ependymal cell maturation and the location where they first appear in the ventricular wall, we mapped the position of multiciliated ependymal cells using C3B9 (acetylated ␣-tubulin) or S100␤ immunocytochemistry and scanning electron microscopy of the lateral wall of the lateral ventricle in animals killed at E16, E18, P0, P2, P4, and P10. A cell was identified as an ependymal cell based on the presence of tufts of cilia on their luminal (apical) surface (Fig. 4C,F,I ).
Before birth, no multiciliated ependymal cells could be detected at the scanning electron microscope or with immunocytochemistry (data not shown). In brains analyzed at birth (P0; n ϭ 5), an average of 19 Ϯ 3 multiciliated ependymal cells were observed in the entire lateral wall of the lateral ventricle. These cells were localized in the ventral part of the lateral wall (Fig. 4 A, B) . At this age, ependymal cilia were short (Ͻ5 m long) (Fig. 4C) , suggesting that ciliary budding had just begun. The number of ependymal cells increased rapidly between P0 and P2. At P2 (n ϭ 6), an average of 670 Ϯ 101 ependymal cells were counted on the lateral walls in each brain. The majority of these cells were localized in the ventral and caudal aspect of the lateral wall (Fig.  4 D, E) . Cilia in ependymal cells on the caudal part of the lateral wall were longer and more numerous than on the rostral aspect of the lateral wall, suggesting that ependymal cells mature first caudally and ventrally. By P4 (n ϭ 5), an average of 4350 Ϯ 276 ependymal cells were counted in each brain and were widely distributed in the ventral and caudal part of the lateral ventricular wall (Fig. 4G,H ) . After P4, ependymal cells were widespread throughout the lateral wall of the lateral ventricles and too numerous to be counted accurately, because it was not possible to distinguish neighboring ependymal cells.
Identification of maturing ependymal cells: the presence of deuterosomes
The above observations suggest that cells born in the embryo complete their differentiation into multiciliated ependymal cells during the first postnatal week. To identify early stages in the differentiation of ependymal cells, we studied the ultrastructure of VZ cells at various developmental stages. We reported previously on the organization and composition of the VZ in neonatal mice (Tramontin et al., 2003) . This pseudostratified epithelium contains the cell bodies of radial glia, most of which contact the ventricle and extend a single 9 ϩ 0 cilium (primary cilium) into the ventricular lumen. The backbone of the ciliary axoneme of a 9 ϩ 0 cilium is formed by nine microtubule doublets arranged in a circle, whereas a 9 ϩ 2 cilium contains two additional microtubule doublets in the center. VZ cells were identified as radial glia at the electron microscope based on their elongated nuclei with lax chromatin, long radial process, and single 9 ϩ 0 cilium (Hinds and Ruffett, 1971) . A small proportion of these radial glia also had deeply invaginated nuclei (Fig. 5A) , cytoplasmic electron-dense granules or aggregates (Fig. 5B) , and deuterosomes between the nucleus and the apical cell surface (Fig. 5D-G) .
Deuterosomes are large electronopaque spherical bodies without limiting membranes and are typically found in the cytoplasm between the nucleus and the apical cell surface. They have been described in multiciliated epithelial cells (Sorokin, 1968; Loots and Nel, 1989; Hagiwara et al., 1992) but have not been detected previously in the brain. Deuterosomes are thought to be generated by aggregation and condensation of dense cytoplasmic granules and are thought to serve as the core for centriole formation (Hagiwara et al., 2000) . Our observations confirm the finding that deuterosomes are nucleation centers for cilial basal bodies in multiciliated cells (Fig.  5C-F ) (Dirksen, 1971) ; we sometimes observed deuterosomes with multiple basal bodies radiating outward from their surface (Fig. 5F ) . As development proceeded, we observed cells with many basal bodies close to the apical (luminal) surface of the cell that had apparently dispersed from deuterosomes (Fig. 5G,H ) . In many cells, we could see small 9 ϩ 2 cilia extending from these basal bodies. These cells had lost the single 9 ϩ 0 cilium that is a hallmark of radial glia. In mature ependymal cells, all cilia have a 9 ϩ 2 organization.
The origin of the deuterosomes is not known and has not been described previously in the developing VZ. Interestingly, in maturing ependymal cells, we often found deuterosome-like structures associated with the nucleus. These structures did not contain chromatin but appeared to be evaginating from the nuclear envelope. In several cases, we found these structures attached to the nucleus by only a very thin process (Fig. 5C ). More often, deuterosomes without associated basal bodies were found very near the nuclear envelope. At this stage, the cells still extended a 9 ϩ 0 cilium at their surface (Fig. 5D, arrowhead) . Deuterosomes located closer to the apical cell surface were always found in close association with the electron-dense aggregates mentioned above and often had basal bodies radiating from their surface (Fig.  5 E, F ). These observations suggest that deuterosomes may be derived from the nucleus. Furthermore, the progressive acquisition of ependymal characteristics in cells that initially had radial glial characteristics suggests that radial glia transform into ependymal cells.
Our analysis suggests that radial glia develop two unique ultrastructural characteristics as they transform into multiciliated cells: electron-dense aggregates and deuterosomes. We analyzed the VZ of the lateral ventricle at different ages to determine the proportion of cells that had one or both of these characteristics. We could not find any cells with these characteristics at E10, E12, E14, or E16. At E18, we studied 246 cells and found two cells with electron-dense aggregates (n ϭ 2 brains). At P0, these cells were more prevalent (7 of 173 cells; n ϭ 2 brains), but we did not observe any cell with deuterosomes. At P2, however, 17 of 191 cells had both deuterosomes and aggregates, and more than onefourth of the cells analyzed (51 of 191) had electron-dense aggregates. By P7, 54 of 164 cells had electron-dense aggregates, 64 had (Fig. 4 I, arrow) .
both aggregates and deuterosomes, and 11 had matured into multiciliated ependymal cells (n ϭ 2 brains). By P15, mature ependymal cells dominated the VZ, and we did not observe any cells with electron-dense aggregates or deuterosomes. These results suggest that as radial glia transform into multiciliated cells, they first develop electron-dense aggregates and then form deuterosomes that serve as nucleation centers for the basal bodies of 9 ϩ 2 cilia.
Radial glia give rise to ependymal cells
The results described above suggested that radial glia give rise to ependymal cells. To identify the transformation of radial glial cells to ependymal cells, we performed double-labeling experiments on coronal cryostat sections of the lateral wall of the lateral ventricle with the radial glial cell marker GLAST and the ependymal cell marker S100␤ at P2 and P6. Most S100␤ ϩ cells expressed the radial glia marker GLAST at P2 (Fig. 6 B) and became GLAST Ϫ by P6 (Fig. 6C ). These observations suggest that some radial glial cells transform into ependymal cells by going through a stage in which they express both radial glial and ependymal cell markers.
To confirm these results, we specifically labeled neonatal (P0) striatal radial glia to determine whether they gave rise to ependymal cells. Radial glia can be labeled by an injection of tracer at a distance from the cell bodies in the VZ, in regions traversed by their long processes (Voigt, 1989; Malatesta et al., 2000 Malatesta et al., , 2003 . Radial glia are the only cell type in the P0 VZ that have processes that extend through the lateral striatum (Tramontin et al., 2003) . We labeled radial glia at their distal processes by injecting an adenovirus encoding Cre recombinase into the ventrolateral striatum of mice with floxed lacZ (R26R mice) (Soriano, 1999) or floxed eGFP (Z/EG mice) (Novak et al., 2000) reporter genes (Merkle et al., 2004) . Two days after injection, we observed small groups of labeled radial glia in the lateral ventricular wall (Fig.  7C) . We confirmed that these cells were radial glia by immunohistochemistry and by electron microscopy. Four days after injection, cells in the medial ventricular wall expressed the ependymal cell marker S100␤, but this expression was very weak in the lateral wall (Fig. 7D) . However, some labeled cells in the lateral wall had a radial glial morphology but were multiciliated and coexpressed GFP and the ependymal cell marker CD24 (Fig. 7F ). This suggests that radial glia transform into ependymal cells and go through transitional stages in which they display the morphological and antigenic characteristics of both radial glia and ependymal cells. In Z/EG mice examined 30 d after injection, some GFP-labeled cells in the VZ were S100␤ϩ and had a multiciliated, cuboidal morphology (Fig. 7H ) . We confirmed these observations using electron microscopy on P30 R26R mice injected at P0 to label radial glia as described above. After ␤-gal staining, LacZ-positive (radial glia derived) cells had electrondense, perinuclear X-gal deposits. In the ependymal layer, we observed X-gal-positive cells that had the ultrastructural characteristics of ependymal cells, including cilia, microvilli, light cytoplasm, and round nuclei (Fig. 7G) . Interestingly, the basal bodies from which these cilia form were sometimes surrounded by X-gal deposits (Fig. 7E) . Because basal bodies are associated with deuterosomes, this observation supports the hypothesis that deuterosomes are derived from the nuclear membrane, which is where X-gal deposits are normally found in labeled cells. Together, these observations demonstrate that ependymal cells are derived from radial glial cells.
Discussion
We show here that multiciliated ependymal cells in the lateral wall of the lateral ventricle of the brain do not divide in the adult. These cells are derived from radial glial cells, the majority of which undergo their final nuclear DNA synthesis between E14 and E16. Ciliogenesis begins around birth and progresses caudorostrally and ventrodorsally along the lateral wall of the lateral ventricles of the rodent brain. It has been suggested that ependymal cells can function as self-renewing stem cells in the adult brain (Johansson et al., 1999) . The proliferative capability of ependymal cells remained controversial (Bruni, 1998) and fueled an ongoing discussion of whether these cells could function as neural stem cells (Chiasson et al., 1999; Doetsch et al., 1999; Johansson et al., 1999; Laywell et al., 2000; Capela and Temple, 2002) . It has been argued that multiciliated ependymal cells divide so slowly that 2-6 weeks exposure of proliferation markers is required to detect those that divide (Johansson et al., 1999 ). We infused [
3 H]thymidine continuously for 6 weeks and studied [ 3 H]-labeled cells on the walls on the lateral ventricle at five different rostrocaudal levels and specifically focused on those cells that were closest to the ventricle to increase the possibility of detecting a labeled ependymal cell. We found no evidence for ependymal cell division. We conclude that multiciliated ependymal cells are postmitotic in the adult rodent brain.
Differences in the techniques used to identify ependymal cells and/or dividing cells may account for the discrepancies found in the literature (Altman, 1963; Korr, 1980; Johansson et al., 1999) . Indeed, some [ 3 H]thymidine or BrdU-positive cells touching the ventricles could be considered ependymal cells on thicker sections when observed at the light microscope. However, when these cells are analyzed at the electron microscope, they are not multiciliated and possess the ultrastructural features of astrocytes ( Fig. 1 A, B) . It has been argued that ependymal cells could still function as stem cells if they transformed into another cell type before division (e.g., an SVZ astrocyte). This is extremely unlikely, because it would result in a progressive depletion of ependymal cells on the walls of the lateral ventricle. Furthermore, if ependymal cells were regenerating from another mitotic cell type, we should have detected labeled ependymal cells in our [
3 H]thymidine-labeling experiment. The postmitotic nature of mature ependymal cells is consistent with the observation that multiciliated epithelial cells with numerous basal bodies in the apical cytoplasm are postmitotic (Lange et al., 2000) and that the ependymal layer in the mammalian brain does not regenerate when it is injured (Sarnat, 1995) . Work from other groups suggests that ependymal cells develop regionally along a caudal to rostral gradient (Sarnat, 1992; Bruni, 1998) . In the mouse, Rakic and Sidman (1968) demonstrated that ependymal cells from the subcommissural organ of the third ventricle undergo their final division between E11 and E13, which is consistent with the present study showing that the majority of multiciliated ependymal cells from the lateral wall of the lateral ventricle arise between E14 and E16 (Fig. 2) . Interestingly, there was a lag between final cell division and appearance of cilia on the walls of the lateral ventricles. Ependymal cilia appeared progressively on this wall between P0 and P4. This suggested that the subpopulation of cells that transform into ependymal cells divides very infrequently, if at all, after birth. Close examination of the ventricular wall suggested that these ependymal precursors correspond to radial glial cells that appear to go through intermediate stages as they transform into ependymal cells. Interestingly, we found that these cells frequently contain deuterosomes. Ultrastructural analysis of these cells at different ages suggests that these structures are derived from nuclear evaginations and that they serve as nucleating organelles for the formation of the ependymal basal bodies. To our knowledge, this is the first description of this process.
We present direct evidence that ependymal cells are derived from radial glia. These cells were labeled at their distal process in the ventrolateral striatum of the neonatal brain with an adenovirus. Labeled radial glia were observed soon after viral injection in a restricted patch in the VZ of the dorsal lateral ventricle, corresponding to the cell bodies of radial glia for which processes project through the ventrolateral striatum. Labeled ependymal cells in the same region of the VZ were observed 30 d later, indicating that these cells are derived from radial glia. These observations suggest that radial glia or their progeny do not migrate tangentially before transforming into ependymal cells. The appearance of deuterosomes in cells with radial processes and the ultrastructural characteristics of radial glia suggest that at least some radial glial cells directly transform into ependymal cells. A short, radially oriented process is present in some ependymal cells (Gregg and Weiss, 2003) . This process may be a remnant of the long radial glial process. Similar radial processes have been described previously in adult reptiles , amphibians, and birds [Alvarez-Buylla et al. (1998) and references therein]. These observations, together with the morphological stages of radial glial transformation we describe, indicate that ependymal cells are derived regionally from subpopulations of radial glia. Interestingly, most of the radial glia destined to become ependymal cells appear to be postmitotic by P0 (Fig.  2) . This delay in the transformation from radial glia to ependymal cell could be a reflection of the complex differentiation program and the time it takes to form ependymal cells or could be a mechanism to prevent premature ependymal differentiation. The data presented provide the times when this transformation is occurring and organelles that may be involved in the transformation. This information should help elucidate the molecular mechanisms regulating the early specification and delayed differentiation of ependymal cells. Radial glial cells have been shown to function as primary precursors in the adult avian brain and in the developing mammalian CNS, giving rise to neurons and/or glia, depending on the age and region of the brain analyzed (Malatesta et al., 2000; Miyata et al., 2001; Noctor et al., 2001; Tamamaki et al., 2001; Merkle et al., 2004) . It has been suggested previously, based on anatomical observations that radial glia could serve as precursors for ependymal cells. However, no direct evidence existed to support this claim. The present study provides direct support for this hypothesis. It suggests that some radial glial cells become committed to becoming or producing ependymal cells at the same time many neurons are produced in this same VZ. This finding further supports the central role that radial glial cells play as progenitors during development (Alvarez-Buylla et al., 2001 ). It will be interesting to investigate what factors induce the ependymal lineage and how radial glia generate the remarkable planar organization of the adult ependymal layer. The identification of the origin of ependymal cells in the present study will increase understanding of how these important cells fail to function correctly in a large number of pathologies, including hydrocephaly.
